Abstract -Underwater networks present considerable opportunities as well as technical challenges. Due to severe nature of the underwater acoustic channel, the use of OFDM signals (Orthogonal Frequency Division Multiplexing) with reduced envelope fluctuations is strongly recommendable. Although iterative clipping and filtering techniques are the most efficient way of reducing the envelope fluctuations of OFDM signals, they introduce significant nonlinear distortion effects that lead to performance degradation.
I. INTRODUCTION
The interest in underwater wireless communications increased substantially during recent years for both military and civil applications [1] , [2] . Radio signals employed in conventional wireless communications suffer severe attenuation in underwater environments, precluding their use. For this reason, acoustic signals are usually employed. The low propagation speed of acoustic waves leads to very hostile propagation conditions, with severe time-distortion effects [3] . As far as the severe time-dispersive channels effects, multicarrier modulation schemes such as OFDM (Orthogonal Frequency Division Multiplexing) are excellent candidates for underwater acoustic communications [4] , [5] , [6] , [7] .
It is well known that the main drawback of OFDM signals is their high envelope fluctuation and a high PAPR (Peakto-Average Power Ratio), making them highly sensitive to nonlinear distortion effects and leading to amplification difficulties. Having this in mind, several techniques were proposed to reduce the envelope fluctuations of OFDM signals [8] , [9] , [10] . Among them, clipping techniques are the simpler and most promising methods to reduce the envelope fluctuations of OFDM signals [11] . Due to the nonlinear nature of the clipping operation, a subsequent filtering procedure is recommendable to avoid out-of-band radiation, which can be implemented in the frequency domain [12] . However, this filtering operation leads to some regrowth in the envelope fluctuations. A simple way to overcome this problem is repeating the clipping and filtering procedures several times [12] , [13] . However, the overall nonlinear distortion effects increase with the number of clipping and filtering iterations. This means that we can have severe performance degradation if it is intended to reduce significantly the envelope fluctuations of the transmitted signals (i.e., when we employ small clipping levels).
It can be shown that the transmitted signals with iterative clipping and filtering procedures can be decomposed as the sum of two uncorrelated components: a useful component and nonlinear distortion component [12] . Conventional receiver implementations treat the nonlinear distortion component as a noise-like term that is added to the channel noise. Although some techniques were proposed to estimate and cancel the nonlinear distortion component [14] , [15] , [16] , [17] , their gains are limited, especially at low SNR (Signal-to-Noise Ratio). Moreover, the nonlinear distortion component has information concerning the transmitted signal [18] . To take advantage of this information we should employ the optimum ML (Maximum Likelihood) receiver that takes into account the overall nonlinear transmitted signal. Although, the complexity of the ideal ML receiver for nonlinear OFDM schemes is too high for most wireless systems (even for reduced-complexity ML-based receivers), this is not the case of underwater acoustic communications, where the performance gains might justify the extra complexity. In fact, due to the relative low bit rates of underwater communications (up to a few kbit/s) it might be advantageous to employ relative complex signal processing schemes, with a large number of operations per bit.
In this paper we consider underwater acoustic communications employing OFDM schemes combined with iterative clipping and filtering techniques as well as the study of the performance of optimum ML receivers. It is shown that the performance of optimum ML, with iterative clipping and filtering of OFDM signal, can be better than with an ideal linear transmitter. Since the complexity of an optimum ML receiver is extremely high, even for underwater communications, we present and evaluate sub-optimal ML-based receivers that try to approach the ML performance.
This paper is organized as follows: an overview of the nonlinear effects in iterative clipped and filtered OFDM signals is made in Sec. II. Sec. III concerns ML-based receivers for those signals and IV has some performance results for those receivers. Finally, Sec. V concludes this paper.
II. NONLINEAR EFFECTS IN ITERATIVE CLIPPED AND FILTERED OFDM SIGNALS
Throughout this paper we consider the use of the iterative clipping and filtering techniques based on the ones proposed in [12] . The basic structure is depicted in fig. 1 .
The transmitted signals are generated as follows: The data bits to be transmitted are mapped into the data symbols {S k ; k = 0, 1, . . . , N −1}, where S k is selected from an appropriate constellation (e.g., a QPSK constellation) according to a given mapping rule and corresponds to the complex amplitude associated with the kth subcarrier (for conventional OFDM schemes {S k ; k = 0, 1, . . . , N − 1} would be the frequencydomain block to be transmitted). Next we add N − N zeros to the block {S k ; k = 0, 1, . . . , N − 1}, leading to the block {S k ; k = 0, 1, . . . , N − 1}, and it is computed its IDFT (Inverse Discrete Fourier Transform) to obtain the timedomain samples {s n ; n = 0, 1, . . . , N −1}. Add N −N zeros to the block {S k ; k = 0, 1, . . . , N − 1} is formally equivalent to adding (N −N )/2 idle subcarriers at each edge of the band, which means that the block {s n ; n = 0, 1, . . . , N − 1} can be regarded as an oversampled version of the original OFDM block with the oversampling factor M = N /N 2 . The oversampled samples s n = s CF (0) n are then submitted to a nonlinear device leading to the samples
where g NL (R) corresponds to an ideal envelope clipping with normalized clipping level s M /σ, i.e., the nonlinear operation is
with R denoting the envelope of the input signal. The clipping reduces the envelope fluctuations on the samples s C(1) n but, due to its nonlinear nature, it also leads to out-of-band radiation, which can be reduced or eliminated through a suitable frequency-domain filtering. The frequency-domain block associated with the clipped signal is {S
; n = 0, 1, . . . , N − 1} and the corresponding filtered signal is {S
, with G k denoting the filtering coefficients. To remove completely the out-of-band radiation while maintaining the inband samples unchanged, these coefficients can be selected to be 1, for the N in-band subcarriers, and G k = 0 for the remaining N (M − 1) out-of-band subcarriers. However, the undesirable side effect of this filtering operation is some regrowth in the envelope fluctuations of the corresponding time-domain samples {s
To compensate this effect, we can repeat the clipping and filtering procedures L times, where the input of the ith clipping operation is the block {s
. . , N − 1} associated with the previous filtering procedure (i.e., the (i − 1)th filtering procedures).
It can be shown that by repeating the clipping and filtering several times we can reduce significantly the regrowth on the envelope fluctuations associated with the filtering procedures and, therefore, obtaining OFDM signals that have the same spectral occupation of conventional OFDM signals, but much lower envelope fluctuations. However, the nonlinear distortion effects on the transmitted signals increase as we increase the number of clipping and filtering iterations L and/or we decrease the clipping level s M /σ.
When the number of subcarriers is high (N >> 1) the frequency-domain samples to be transmitted can be decomposed as the sum of a filtered version of the original OFDM signal plus a nonlinear distortion component
where
is almost uncorrelated with the data samples. Moreover, D (L) k has zero mean and is almost Gaussian at the subcarrier level. Clearly, this nonlinear distortion component can be regarded as an additional noise component that leads to performance degradation. This degradation can be serious in presence of strong nonlinear distortion effects (i.e., small clipping levels combined and/or several clipping and filtering iterations), especially when are employed large constellations.
III. ML-BASED RECEIVERS

A. Ideal ML Receiver
Let us consider two data sequences differing in a single bit, {S (1) k ; k = 0, 1, ..., N − 1} and {S (2) k ; k = 0, 1, ..., N − 1}, respectively. Fig. 2 shows the absolute value of the corresponding signals after the nonlinear operation, {S 
D (2)
k ; k = 0, 1, ..., M N −1}, as well as the absolute value of its difference. Clearly, the signals differ in almost all frequencies (in-band and out-of-band), and not only in the frequency where we modified the bit. In fact, the Euclidean distance between these two sequences is around 7.7E b , which corresponds to an asymptotic gain of about 2.7dB relative to the linear case. Moreover, since these sequences differ in many subcarriers there is an intrinsic diversity effect that could be used to improve the performance in fading channels. To take advantage of this potential gain we must employ an optimum ML receiver that considers all information in the transmitted signal (including both useful and nonlinear distortion components), instead of treating the nonlinear distortion component as an additional noise term, as with conventional OFDM receivers. We consider a receiver with N Rx diversity branches (see fig. 3 ) and, as usual, we assume that the duration of the cyclic prefix is longer than the overall channel impulse response. At the receiver we remove the samples associated with the cyclic prefix for each diversity branch 3 and a DFT leads to the frequency-domain blocks {Y
denotes the channel frequency response associated with the mth diversity branch and the kth subcarrier and N k denotes the channel noise component. Without loss of generality, we assume the same oversampling factor at the transmitter and the receiver. An ideal ML receiver selects {Ŝ k ; k = 0, 1, . . . , MN − 1} (and, inherently, {Ŝ k ; k = 0, 1, . . . , N − 1}) that minimizes
where Ψ G denotes the set of non-zero subcarriers.
B. Sub-optimum ML-Based Structures
Clearly, the comparison of the received signal with all possible transmitted signals is not practical, even for a moderate number of subcarriers N and small constellations. For this reason, in this section we present two sub-optimal ML-based receivers that try to approach the ML receiver performance. Since that the optimal ML sequence usually only differs from the hard decision sequence in a small number of bits, we could test only a small fraction of all possible sequences and still have the optimal ML sequence among them. If the ML sequence is among the sequences that we tested then we obtain the optimal performance. Therefore, the basic idea is to start with the estimated signal associated with a conventional OFDM receiver (which will be denoted "hard decision sequence" in the remainder of the paper) and perform variations of their bits. For each variation it is obtained the corresponding nonlinear signal to be transmitted (i.e., the corresponding signal is submitted to the iterative clipping and subsequent frequency-domain filtering operation L times as it was employed in the transmitter). For all the generated sequences, it is computed the Euclidean distance relative to the received sequence, being chosen the sequence with smaller Euclidean distance relative to the received signal.
Method I
This method starts with the hard decision sequence. In this sequence are selected the N b bits with smaller reliability (i.e., the bits where the corresponding signal is closer to the decision threshold) and performed all 2 N b possible variations among those bits.
Method II
In this method we start with the hard decision sequence and switch the P in 2N bits with smaller reliability. If the Euclidean distance relative to the received sequence improves the bit remains changed, if not we return to the original bit. After this we end up with a sequence that has smaller Euclidean distance relative to the received sequence (or at least equal) than the distance between the hard decision sequence and the received signal. Since some of the bits might be changed with this procedure we can restart the process changing the first bit and repeat the procedure K times.
C. Estimated ML Performance
It would be desirable to compare the performance of the proposed sub-optimum receivers with the performance of an ideal ML receiver. Unfortunately, due to its extremely high complexity, it in not possible to obtain the ML performance, unless for cases where the number of subcarriers is very low. However, it is possible to obtain an approximation of the ML performance in the following way. The optimum ML estimate is likely to be one of the following sequences:
• The hard decision sequence or one of its variations 4 (that could be obtained as described in the previous section).
• The transmitted sequence or one of its variations. These variations could be obtained using a procedure similar to the one described in the previous subsection.
IV. PERFORMANCE RESULTS
In this section we present several BER performance results for the sub-optimal ML-based methods described in the previous section. Unless otherwise stated, the OFDM signal has N = 128 useful subcarriers with QPSK constellations and an oversampling factor M = 4. The QPSK symbols are selected from the data signal using a Gray mapping rule. The nonlinear device corresponds to an ideal envelope clipping with a normalized clipping level s M /σ (unless otherwise stated, we assume s M /σ = 1.0). The subsequent frequency domain filter removes completely the out of band radiation and leaves the in-band subcarriers unchanged. The clipping and filtering operation is applied L times (unless otherwise stated, we assume L = 1). We consider both an ideal AWGN channel and a frequency-selective channel that has 32 symbol-spaced multipath components with uncorrelated Rayleigh fading. For both cases, it is assumed perfect synchronization and channel estimation at the receiver. In some cases we also simulate a MIMO (Multiple Input Multiple Output) diversity scheme of N Rx order. For comparison purposes, we also include the approximate ML performance obtained as described in the previous section (denoted as "ML performance" in the next figures).
Let us start by considering an ideal AWGN channel. Fig.  4 shows the BER for Method I with different values of N b . From the results it is clear that we can improve significantly the performance relative to conventional OFDM schemes, especially for larger values of N b (i.e., when we modify a larger number of bits). The frequency-domain filtering after the clipping operation has only a minor effect on the performance of our receiver. For the relative small values of N b that lead to practical implementations the performance is always worse than the performance with a linear transmitter.
Although method I has an acceptable performance with a relative small value of N b , its performance degrades substantially for a larger number of subcarriers, unless we increase the value of N b , as shown in fig. 5 .
Let us consider now method II, which was conceived to overcome this problem without significantly increasing the receiver complexity. Figure 6 shows the performance of the method in the same conditions of fig. 4 . Method II allows significant performance improvements, even with only 1 or 2 iterations (in fact, there are no visible gains with more than K = 2 iterations), allowing better performance than with conventional linear OFDM schemes.
A disadvantage of this method is that the complexity grows linearly with the number of bits, since P depends linearly on N . To overcome this we can modify only the P ≤ 2N less reliable bits. Fig. 7 shows the achievable performance for this method with different values of P . Clearly, it is possible to obtain an excellent performance when P = N/2 (i.e., when we reduce the receiver complexity by a factor of 4 relative to P = 2N case). Even when P is much smaller than 2N the performance is still acceptable.
Let us consider the more realistic OFDM scenario with a frequency selective channel. Fig. 8 presents the BER results for the method II with K = 2 iterations and a single clipping procedure with normalized clipping level s M /σ = 1. As expected, the gains of our ML-based receivers are higher than those associated to an ideal AWGN channel. This is a consequence of the fact that ML-based receivers take advantage of the implicit diversity effects inherent to the nonlinear distortion. However, contrary to the AWGN case, where we can modify only P < 2N bits with negligible performance loss, in this case we should modify all the 2N bits. Figs. 9 and 10 present the corresponding results with N Rx = 2 or 4 receive diversity branches, respectively. As expected, there is significant performance improvements when we increase the diversity order. In all cases we can be close to the approximate ML performance when P = 2N .
Let us now consider a frequency-selective channel and L iterations of the clipping and filtering procedure. In Figs. 11, 12 and 10 we present the BER performance for method II with K = 2 iterations and P = 2N , for N Rx = 1 (no diversity) 2 and 4, respectively. From these figures it is clear that when have more severe nonlinear distortion effects (i.e., higher values of L) we have poorer performance, although the approximate ML performance is slightly better when we increase the number of clipping and filtering iterations L. The better ML performance with higher values of L is a result of larger nonlinear distortion effects which can be used by an ML receiver to improve the performance; the slightly worse BER values of our receivers when L increases are a consequence of the sub-optimum nature of the proposed receivers (the receiver does not test the all possible sequences but only the most likely candidates).
V. CONCLUSIONS
In this paper we considered underwater acoustic communications employing OFDM signals with clipping and filtering techniques. Instead of the conventional receivers that treat the nonlinear distortion as an undesirable noise-like component, we considered ML-based receivers that try to approach the optimum receiver performance.
It was shown that the nonlinear distortion does not necessarily mean significant performance degradation and, in fact, the ML performance could even be better than the performance with ideal, linear transmitters.
We also presented sub-optimum ML-based receivers that allow remarkable performance improvements, being able to reduce significantly the gap between the ML performance and the performance of conventional OFDM receivers. 
